Objective: To evaluate the potential role of sphingosine-1-phosphate receptor agonist, fingolimod (FTY-720), in rat I/R induced testicular injury and its possible underlying protective mechanisms. Experimental protocol: Thirty male albino rats were categorized into three groups, 10 rats each: sham operated control group, Ischemia/Reperfusion (I/R) group: underwent torsion/detorsion procedures of the left testes and FTY720 treated (I/R+FTY720) group: received single FTY720 injection (at a dose of 4 mg/kg i.p) 30 min. before detorsion. At the end of the ischemia and reperfusion period (4 h) left testes were dissected carefully in all rats for histological and biochemical investigations. Testicular malondialdehyde (MDA), testicular antioxidant enzymes and testicular sphingolipids were assessed. Results: FTY720 treatment of I/R group resulted in significant reduction in I/R induced elevation in testicular GSH-Px, SOD, MDA and total ceramide level, along with significant increase in testicular catalase, sphingomyelin and sphingosine-1-phosphate. Also, FTY720 treatment of I/R group improved severe testicular injury changes in I/R group. Conclusion: FTY treatment may be used as potential therapeutic treatment for I/R induced testicular injury. Ó 2016 Alexandria University Faculty of Medicine. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). Please cite this article in press as: Emam MN, Abd El-latif RN Effect of immunomodulator, fingolimod, on ischemia reperfusion testicular injury in rats: Targeting the role of sphingolipid rheostat (fingolimod on I/R induced testicular injury), Alex J Med (2016), http://dx.
Introduction
Testicular torsion (TT) is a serious medical emergency that is mostly encountered in newborn and adolescent males but it can occur in any age and needs urgent surgical intervention. 1 TT is defined as a rotation of the longitudinal axis of the spermatic cord resulting in obstruction of testicular blood flow. 2 Torsion/detorsion is a typical condition of ischemia reperfusion in which torsion comprises the ischemic period whereas detorsion occupies the reperfusion period which is the main cause of testicular damage. 3 TT causes testicular injury, leading to potential serious sequelae of infertility and subfertility; thus, immediate diagnosis is important for testicular salvage to avoid testicular atrophy, infarction and infertility. 4 Although the main pathological mechanisms of testicular injury following TT are not completely understood, the overproduction of reactive oxygen species (ROS) generated during the ischemia reperfusion (I/R) process has been implicated as one of the main factors in cellular and tissue damage. 5 Fingolimod (FTY720) (2-amino-2-[2-(4-octylphenyl) ethyl]-1, 3-propanediol hydrochloride) is synthetically derived from myriocin, a metabolite isolated from ascomycete, Isaria sinclarii. 6 FTY720 was demonstrated to prolong allograft survival in several solid organ transplant animal models. 7 The possible mechanism of its immunomodulation was related to sequestration of peripheral blood lymphocytes to secondary lymphoid organs and selective induction of infiltrated lymphocytes apoptosis. 8 FTY720 has been found to be able to prevent I/R injury in liver and kidney models under a similar mechanism. 9 In vivo, FTY-720 is phosphorylated (FTY-720-P) by sphingosine kinase to form a potent sphingosine 1-phosphate (S1P) analog. S1P, found in high levels in blood, is produced by phosphorylation of sphingosine and is a pleiotropic lysophospholipid mediator of a wide variety of biological processes through binding to a family of G protein-coupled receptors: S1P1-5. 10 S1P is released by mononuclear phagocytes and platelets and binds to S1P1-5 in nanomolar affinities. FTY-720 interacts with S1P1, S1P3, S1P4, and S1P5, but not S1P2 receptors 11 ; thus, the receptor subtype-mediating tissue protection following FTY-720 administration is not known.
Ceramide accumulation has been demonstrated in various in vivo models of IR and it has been implicated as an important mediator of apoptosis in the injured tissue, but the mechanisms of ceramide generation are not well-defined and the downstream targets of ceramide remain unresolved. The identification and characterization of key proteins of ceramide synthesis are expected to contribute to further understanding of molecular mechanisms of ceramide involvement in tissue damage in IR. 12 Continued research efforts are required to better understand the pathophysiologic mechanisms of IR injury, to identify and test new protective agents. Further studies of the molecular basis of ceramide's role in the ischemic organs are warranted. This will allow the discovery of novel and groundbreaking therapeutic approaches to mitigate diseases that may result from an elevation in ceramide and its metabolites. Therefore the aim of our study was to investigate the protective effect of FTY720 on testicular damage induced by unilateral testicular ischemia reperfusion and also to elucidate the role of FTY720 on the level of testicular sphingolipids.
Material and methods

Animals
Thirty male albino rats (weight: 250 ± 10 g) were purchased from the Faculty of Science, Tanta University. The rats were acclimatized to the controlled laboratory conditions for one week and appropriately housed, four per cage, at a constant temperature of 22 ± 2°C and 12 h artificial light/dark cycle. All rats had free access to food pellets and water throughout the study period. All rats were fasted overnight before the experiment. All the animal experiments were conducted according to the guidelines established by the Research Advisory Ethical Committee of Faculty of Medicine, Tanta University, Egypt.
Experimental design
The animals were anaesthetized with intraperitoneal ketamine injection (50 mg/kg). All of the surgical procedures were performed under sterile conditions through standard left inguinoscrotal incisions. After entrance to the scrotum, tunica vaginalis was opened and the left testis was delivered to the surgical field. The left testis was rotated 720°in a clockwise direction and maintained torsed by fixing it to the scrotum by atraumatic silk suture (4/0) through the tunica albuginea for 2 h with the closure of inguinoscrotal incision. Afterward the spermatic cord was detorsed and the testis was reperfused for additional 2 h according to the previously described method. 13, 14 Interruption of blood supply to the testis can be seen by the naked eyes from the changes in testicular color as testicular torsion (720°) caused dusky appearance of the testis within 5 min. After 1 h torsion the ipsilateral testis vasculature becomes dark red to dark purple and returned to normal 5-10 min after detorsion. 15 The rats were randomly divided into three experimental groups as follows: Group 1 (n = 10), sham operated control group (sham), Sham operations were performed through standard ilioinguinal incisions to the control rats and the left testicle was fixed to the scrotum by a silk suture through the tunica albuginea; then, rats in this group underwent excision of the left testis after sham operation. Group 2, (n = 10), ischemia-reperfusion group (I/R); this group of animals underwent torsion/detorsion procedures as explained before. Group 3, (n = 10), comprised the FTY720 treatment group (I/R+FTY720) in addition to I/R process and the animals in this group received FTY720 (4 mg/kg, i.p.) 30 min. before detorsion. 16 FTY720 (molecular weight 343.94 Da) was kindly provided by Novartis Pharmaceuticals Ltd (Basel, Switzerland). FTY720 was dissolved in injection water at a concentration of 1 mg/mL. All studies were performed at the same time of day to obviate circadian influences. At the end of the ischemia and reperfusion period (4 h) left testes were dissected carefully in all rats to avoid mechanical trauma for biochemical and histological investigations and the animals were sacrificed by decapitation.
The harvested testicular tissues were longitudinally bisected. The halves of the testicular tissues were immediately stored at À80°C pending for biochemical analysis.
Biochemical assays
All of the testicular tissues were washed three times in cold isotonic saline (0.9% [v/w]) solution and wet tissue weights were obtained. The tissues were then homogenized in ice-cold Tris-HCl buffer solution (pH 7.4, 0.2mmoL/L and 50/39.9
[v/v]), within a homogenizer (Ultra Turrax Type T25-B; IKA Labortechnic, Staufen, Germany) for 2 min at 11,200g. The homogenate was centrifuged at 3500g for 60 min. and a supernatant was obtained for measurement of the following parameters:
1. SOD activity was analyzed by colorimetric assay kit (Cayman, MI, USA) and performed according to the manufacturer's instructions. SOD was expressed as U/mg protein. 2. The GSH-Px activity was measured by colorimetric assay kit (Randox Laboratories, UK, catalog number CPTK0316). GPx activity results were expressed as U/gm protein. 3. Catalase activity was determined according to Aebi's method. 17 4. MDA as described by Tatum et al., 18 MDA level was expressed as nmol/gm protein. The protein content in the tissue was measured by the method of Lowry et al. 19 5. Testicular Sphingomyelin (ng/lg tissue) according to method described by Hojjati and Jiang. 20 6. Testicular total ceramide (pmol/n mol phosphate) according to method described by Sugita et al. 21 7. Testicular sphingosine-1-phosphate (nmols/mg protein) according to method described by Kirby et al. 22 
Histopathological evaluation
The specimens were prepared for histological study, according to the method described by Drury and Wallington, 23 where the remainder halves of testes were fixed in 10% formalin for 3 days. Afterward, the tissues were processed for paraffin embedding and 5 lm thick paraffin sections were obtained and stained with hematoxylin and eosin staining for light microscopic analysis. Histological findings in seminiferous tubuli were evaluated according to the Johnsen's scoring system. 24 A score of 0-10 was given to each tubule according to epithelial maturation: 10: complete spermatogenesis and perfect tubules; 9: many spermatozoa present and disorganized spermatogenesis; 8: only a few spermatozoa present; 7: no spermatozoa but many spermatids present; 6: only a few spermatids present; 5: no spermatozoa or spermatids but many spermatocytes present; 4: only a few spermatocytes present; 3: only spermatogonia present; 2: no germ cells but only Sertoli cells present; 1: no germ cells and no Sertoli cells present. The same pathologist who was unaware of the experimental procedures examined the samples histopathologically.
Statistical analysis
Data were analyzed using the one-way analysis of variance (ANOVA) test. Probability values (P) less than 0.05 were considered significant. All the analyses were performed using Graph Pad Prism software release 6.0 (Graph Pad Software, San Diego, CA).
Results
Effect of FTY720 treatment on antioxidant enzymes activities in testicular tissue
Our results showed that SOD and GSH-Px activities were increased in the I/R group (0.139 ± 0.008 and 10.69 ± 1.823 respectively) when compared with sham group (0.04 ± 0.006 and 3.62 ± 0.9 respectively), but FTY720 treatment caused significant decrease in the SOD and GSH-Px activities in I/R +FTY720 treated group (0.069 ± 0.01 and 3.56 ± 0.506 respectively) when compared with I/R group. CAT activity is decreased significantly in I/R group (0.180 ± 0.003) compared to sham group (0.192 ± 0.005), and FTY720 caused significant increase in its level in I/R+FTY720 treated group (0.194 ± 0.005) when compared with I/R group (Fig. 1 , Table 1 ). 
Effect of FTY720 treatment on testicular lipid peroxidation
Compared with sham group (1.22 ± 0.052), testicular T/D was associated with significant increase in testicular MDA level (1.36 ± 0.0299), and FTY720 treatment induced significant decrease in testicular MDA (1.24 ± 0.056) compared with I/R group (Fig. 2 , Table 1 ).
Effect of FTY720 treatment on testicular sphingolipids
It is obvious from our results that testicular T/D was associated with significant decrease (P < 0. (Fig. 3 ).
Histological examination
In sham group, animals demonstrated a normal testicular architecture of the seminiferous tubules morphology and interstitium and had intact germinal epithelium (Fig. 4a ). In I/R group, seminiferous tubular disorganization, degenerative changes and loss of maturation in the germinal cells, interstitial edema and interstitial hemorrhage were observed (Fig. 4b ). FTY720 pretreated animals showed an improved histological appearance in testes compared with I/R group (Fig. 4c ). In I/R, there was significant decrease (P < 0.05) in Johnsen's score (6.77 ± 0.71) when compared to sham group (9.37 ± 0.37). On the other hand, FTY720 treatment increased Johnsen's score significantly (8.83 ± 0.62) when compared to I/R group (Table 2) .
Discussion
Testicular torsion is still an important cause of male infertility. Mammalian testes are highly sensitive to oxidative insult, and the most important component of post-torsion testicular damage is oxidative injury. 25 Mechanisms associated with testicular ischemia, such as free radical generation and lipid peroxidation, are contributing factors. Ischemia occurs due to the torsion of the testis and the reperfusion related to the detorsioning of the twisted testis can cause various biochemical and morphological changes in the testicular tissue. Moreover, reperfusion after ischemia causes an increase in the damage. Therefore, testis ischemia and consecutive reperfusion result in testicular cell damages. 26 The underlying pathophysiologic mechanisms in testicular I-R damage are most likely multifactorial, and interdependent involving hypoxia, inflammatory responses and oxidative stress. This oxidative stress is characterized by an imbalance between ROS and the antioxidative defense system. 27 Novel therapeutic interventions for preventing or attenuating testicular I/R induced injury remain a focus of significant interest. Although the exact pathogenic mechanisms remain poorly defined, accumulating evidence supports the potential role of sphingolipids in the pathogenesis of ischemia reperfusion induced injury in various organs. 12 The immunosuppressant ''FTY720" that has recently been approved by FDA for the treatment of multiple sclerosis has become the gold standard for S1P-centric drugs. 28 The mechanisms involved in testicular protection by FTY720 in I/R injury are complex, and it is not known whether the tissue-protective effects of the FTY720 are mediated by the canonical effect to induce lymphopenia or by stimulating S1P1Rs on testicular tissue or both. This oxidative stress is caused mainly by excessive generation of ROS that are formed early during reperfusion period. These ROS are difficult to quantify directly in tissues due to their high reactivity and short half-life. The ROS causes chain reactions of lipid peroxidation in the cell membranes, which eventually leads to the generation of the major lipid peroxidation product MDA. 29 In many studies, the activities of the antioxidant enzymes in many tissues were reported to change either positively or negatively with the respect to the intensity of lipid peroxidation. In some of these studies, long-term I/R led to increase in the intensity of lipid peroxidation and inactivation of antioxidant enzymes in testicular tissues. On the other hand, other studies showed compensatory enhancement in enzyme activities. 30 This discrepancy in the changes of antioxidant enzyme activities was based on the specific responses of the tissues and the tissue specific activities of antioxidant enzyme system. 30 So, we observed in our study that there were diverse activities of antioxidant enzymes, where in spite of significant increase in SOD and GSH-Px levels, there is significant decrease in CAT level in I/R group.
Our results regarding the role of oxidative stress in pathophysiology of testicular I/R are in accordance with others such as Tamamura and coworkers 31 who reported that edaravone, a free radical scavenger, significantly ameliorated I-R induced testicular damage by reducing the oxidative stress.
ROS signaling may be mediated through sphingolipid metabolites where there is growing evidence that the sphingostat plays a role in cellular response to oxidative stress. 32 Ceramide generation has been implicated in mediating I/R induced ROS generation and apoptotic cell death. I/R rapidly activate neutral sphingomyelinases in a ROS-dependent manner. This is consistent with an earlier finding that the enzymatic activity of neutral sphingomyelinase is inhibited by glutathione and increased when glutathione scavenges cellular ROS. 33 The role of ceramide in I/R is seen also in other organs as the ceramide and S1P pathways are inversely related in I/R injured hearts, as ROS not only increases ceramide, but also induces the degradation of SphK1 isoenzyme known to synthesize S1P. 29 Also, the role of ceramide has been studied in renal tissues where ceramide directly inhibits mitochondrial respiratory chain. So ceramide not only enhances ROS production but also decreases antioxidant redox system in various cells, aggravating tissue injury. 34 It is evident from our experiment that fingolimod displayed an anti-oxidative activity in testicular injury induced by I/R, as reflected from the changes in antioxidant enzyme activities where there is significant decrease in SOD and GSH-Px activity together with significant increase in catalase activity compared to I/R group. The protective role of fingolimod observed in FTY720 treated I/R group could be explained partially through mitigating oxidative stress. Antioxidant effect of fingolimod could be explained by its activity in adjusting the dynamic balance between intracellular S1P and ceramide, the ''sphingolipid rheostat (sphingostat)", and the consequent regulation of opposing signaling pathways. 32 To further characterize the mechanisms responsible for I/R induced testicular injury in this model, we analyzed the sphingolipids in testicular tissue, namely SM, and its bioactive metabolites, ceramide, and S1P. With the induction of I/R induced testicular injury, there was a significant reduction in Effect of immunomodulator SM with significant increase in ceramide level associated with non-significant increase in S1P levels, supporting the concept that sphingolipids could potentially contribute to the evolution of testicular damage.
Increased ceramide level may be attributed to ROS that caused sphingomyelinase activation with subsequent turnover of SM either at cell membrane or at endosomal/lysosomal compartment and de novo synthesis in endoplasmic reticulum by the activity of ceramide synthase. 32 So the antioxidant effect of fingolimod could be achieved indirectly through reduction in ceramide and increase in S1P levels.
Our results regarding ceramide level in I/R group are in accordance with results in other organs where there is dramatic increase in ceramide content in renal I/R rat model. 12 Activation of sphingomyelinases and the de novo synthesis of the ceramide pathway have already been reported to contribute to ceramide accumulation in different stress situations, including I/R. While others implicated the I/R induced free radicals in ceramide production, where hypoxia/reoxygenation activates a neutral SMase and ceramide accumulation, through activation of the c-Jun N-terminal kinase/stress-activated protein kinase (JNK/SAPK) pathway, and this effect was blocked with the use of antioxidants that prevented both ceramide release and JNK activation. 35 Our results revealed that there is non-significant increase in S1P level in I/R group that may be explained by that some of I/ R induced increase in ceramide is metabolized to S1P initiating a protective response. This occurs as follows: at the onset of hypoxia, ROS tend to activate neutral sphingomyelinase generating ceramide. Also, these ROS induce activation of SphK1. Thus, some of this ceramide is metabolized to S1P. 36 However, as hypoxia proceeds, SphK1 is degraded that will prevent conversion of ceramide to S1P resulting in further increase in ceramide level and removal of the protective effect of S1P 37 , decreasing S1P/ceramide ratio to about 0.4 in I/R group compared to 1.2 in sham group.
Because the sphingolipid metabolites ceramide and S1P are interconvertible, it has been proposed that it is not the absolute amounts of these metabolites but rather their relative levels that determine cell fate. The relevance of this ''sphingolipid rheostat" and its role in regulating cell fate has been borne out by work in many laboratories using many different cell types and experimental manipulations. 38 FTY720 treatment is associated with significant increase in S1P level which is an indication of increased flux of ceramide to S1P which is then irreversibly degraded by S1P lyase. A second possibility is that S1P feedback inhibits one or more steps of ceramide synthesis. 39 S1P is interconvertible with ceramide. I/R play a crucial role in regulation of the sphingolipids balance. Conversely, Table 2 Effect of FTY720 treatment on Johnsen's score. Groups Johnsen's score Sham group 9.37 ± 0.37 I/R group 6.77 ± 0.71 * I/R+FTY720 group 8.83 ± 0.62 ** * P < 0.05 versus sham group. ** P < 0.05 versus I/R group. All values are expressed as mean ± SD of 10 rats in each group. S1P modulator, FTY720 tilted the balance from ceramide to S1P, raising S1P/ceramide ratio to about 0.9 in FTY720 treated I/R group compared to 0.4 in I/R group, contributing to improvement of testicular injury. The potential functional contributions of the intracellular effects of FTY720 through the modulation of the balance of signaling sphingolipids have been considered as part of its mechanism of action. It appears to interrupt this circle by adjusting S1P/ceramide rheostat, exerting antioxidant and anti apoptotic effect, so abrogating I/R induced testicular injury.
It appears that the functional protection of FTY720 in our model could be attributed to its ability to adjust the decisive signaling for cell fate, through controlling the levels of both ceramide and S1P. 37 Besides the new mechanistic insight concerning the protective signaling pathway in the I/R induced testicular injury, this study corroborates the finding that the sphingolipid mediator, FTY720 has a strong protective effect in an I/R testicular injury through anti-inflammatory, antioxidant and modulation in sphingolipid signals, providing a new therapeutic intervention for treating I/R induced testicular injury.
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